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Toward Mechanicelly-Robust Omniphobic Composite Coatings u i n g  Fluoroalkyl-Modified Silica 

Rm.rnond Cumpus.' Timoth!- S Hrrd~ihd.' trnd Jusrph ~ r r b ? $  

'ERC Corporation, "Air Force Researth Laboratory 
AFRLIRZSM. I0 E Saturn Blvd. Bldg 845 1 

Edwards AFB. CA 93524 

lntraduction 
The wide applicability of non-wetting matcnals has generated a surge ~n 

cornrnerc~al, m~litary, and academic materials research.'-' Previous shd t r s  
have elucidated three parameters useful in the development of nun-welting 
surfaccs: chem~cal functionality (high fluorine content), multiple ccales of 
surface ronghnese (nano and micro), and surface geometry (re-entrant 
curvature).' Thtse parameters have been used in the developmer~t of materials 
that are superfiydrophobic and s u ~ r r o l e u p h o h i c . ~ ~ ~  Although many o f  these 
surfaces c ~ h r b i l  the desired omniphoh~c character, a simple mcthod to produce 
mechanically robust nun-umelling coatings on various subsirales hus not been 
rzpurtrd 1.?4.5.R Vanous nanopanjcles, such as nanosilica, have been shown to 
prourdc thc requlrtd surface roughness Tor non-wettlng character in polymer 
syste~ns.l-' * In the present work, a fluomalkyl-moditled nanosilica \s 
developed and :nves (~g~ ted  to help achieve both the surface roughness and 
luw surface energy demands of an omn~phobic polymer coating Tht 
fluoroalkyl-mcdificalron has the added benefit uf ~ncreas~ng  dispersion and 
compatibility in a crossl~nkablc fluoropolymer matrix. which is thought to be 
needed t o  produce a mechanically-robust coating. Substitution of the silanol 
gruups on ths surface of silica har bccn well documented using vanous types 
ol- cuupl~ng agents, including c h l u r o s ~ l a n e s . ~ ~ ~ ~  Thc presenl work rqorts the 
lnodificbtlon uf a previously rcpor1t.d rho-step, anline promoted rnethnd for 
rnodrfilng lhc. surface of s~l!ca."~'," T h e  rtactlon scheme uscd ror Ihn 
mudliicatlon IS presentcd In Figure I. 
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Figure 1. Rcaction scheme for the modiiicatiun ofslllca surfacc 

In addillr,n tv fluoroalkyl-func~ir>nal~zed s~l ica ,  thc effect of a fluilru!ated 
polyhedral ollgurnznc si tsesquioxanc (POSS) nanoparttclc, ( IH.1 H.2H.2H- 
heptadccafluorodccyl}~Si~O~~ ur fluorodtcyl POSS, with an extremcly low 
surface energy iy,, < I 0  mN/m) is invcsltgalcd.' The present work focuses on 
the devel~pmcnr  uf an ornniphobic cumpusite cwting [hat can be easily 
applied LO various surfaces by spray atomization ur othcr types of spray 
te~hnology. 

Exy~rlrncntal 
Materials. Hi-SII 233 (synthctlc hydrated ao~orphous sillca, 22 nm avg 

diameter) was obtnlncd from PPO Indirstnea Fluoro-compounds. (3.3.3- 
Influuropro~yl)tr~chlarosilane. (3,3,~-tr1lluurupropy1)dimethylchIor~~1lane. 
(tridccaftuuro- 1 .! .2,2-tetrahydruocty1)tnch Ioros~:ar~c, (tridecafluoro- I ,1,2,2- 
tetrahydroorl? 1)dimcthylchlorosilane. (heptadecafluoro- 1.1.2.2 tetrahydro- 
decyl)trichloros~l~ne, and (heptadecafluoro- I .  1.2.2-tetral~ydrodcz).I)dimethyl- 
chlorosilane were purchoxd From tielest, Inc. and umere uscd as rcceived 
i b ~ ~ l l o u ~  further purification Anhydrous dimethylamint was ohtained from 
Aidr~ch I H.1 E1.211,Zli-hcpradrt.alluorodecyl pol?hrdrol oligonleric 
hrlsesqu~auane (fluurudzcyl PUSS) synthes17ed according to the Iltcnture 
rnrlhnd.' Chloroform was rece~ved fnlm Aldnch and passed through an 
acllvnted aluniilla column lo rentove watcr Vlrun Extreme ETP-6005 has 
obtained from UuPar!t. Asah~klln AK-225C; (1.3-Dichloro-1,1.2.2.3- 
pel~tatluoruprupanej r t l r  uscd as received frrrln AtiC Chemicals Amcrlcas, 
Inc. Steel and alumlnunl Q-pancl substratcc umere oblaincd from the Paul ?I. 

Ciardner Comp~nv, Inc. Glass rnicr~scrrpe shdrs were obtaincd from Aldrich. 
cleaned w ~ t h  acctone and air dried before use. 

Inrlrumentation. Surface modified silica wna analyzed by TGA- 
MassSpec analysis (TA Instrumenls Q5000 IR, Pfeill'cr-Vacuum Thermostar 
GSD!OI MS system). DKIFT5 (Nicolct 6700 FT-IR with DRIFT Smart 
C'ollcctor) and Elemenlal Analysts (Perkin Elmer 2400 Scnrs I1 CHNS/O 
EIcnlcntal AnaIyzer). Contact angle studies of composite films were 
perfomled on a DataPhyslcs OCA 20 gonlometer. Imaging oi cornposlle 
tilms was obtained via scanning elcftron rnlcroscopy (FEI Quanb Mld). 
atomic force microropy (D~gital lnstn~mems Dtmension 3 100)- and opucd  
profilomew (Vecccl Wyko NT9300). 

Modification of Silica Surface. The two-step amine-promoted method 
illustrated In Figure 1 was used for the modification of the Hi-Sil 233 silica 
surface Hi-SII 233 (2 g) was ~ n ~ i u l l y  dried overnigh1 under dynamic vacuum 
( I l l  rnl'orr) at 200-2 15 "C Dlmc.thr.lamine gas was thcn inmduced to the 
d r~ed  s~l tca  under static vacuum I D  ntmospheric pressure. The b e d  silica was 
thsn lzft in the dimethylam~nc envimnment for approximately 24 h with 
mrchanical agitation viu magnetic slrr-bar Under nitrogen 60 n1L of 
chIorofom was added to the Hi-Sil 233. followed by I mL of chlorrsllanc, 
and finally, an a d d l ~ l o n ~ l  20 mL of chlorororm Thc slurry was allowed 10 slir 
overnight in a nltrogcn rnvirunment The surlacc m d ~ f i e d  Hi-Sil 233 product 
was then recovered by filtration and subsequently washed with chloroform (10 
mL x3). The nlod~fied silrca was tirther purified by Soxhle~ entractlon using 
chloroform and AK225G. Bolh Sonhlzt extractions were allowed to proceed 
fur approximately 24 hours The nlodlfied sillca samples were then dned 
under anlhlent conditions and lhen ln 1 racuum oven at 110 "C. Thc vacuum 
oven irea'ment was in~plemenied to cure the trichloros~iane modified sil~ca 
producls (horlzonhl polymerization), as well as to dry the products. 

Composite Coating Deposition. A 5 ~ 1 %  stock solutlon OF Vi~on  
Extreme ETP-600s In AK-225G was used lo prepare suspensions of 
~nodificd-sllica. The concelitration of  rnod~fied-sil!ca In the fluomelastomer 
solutions varied from I)-2Owt%. Fluorodzcvl POSS was blended Into 
>uspensions at a concentration of 5rng:mL. Spray atolulzatlon of  the 
cmposl le  coatings was achieved uwng an airbrush syslem (Paasck A~fbrush 
~ o n i ~ a n ~ .  VLSTPRO double-acriun aijhon feed).  lass, aluminum, and stccl 
subslmlcs wcrt. sprayed at a dlstmct or dppr~~ imate ly  20 c p  The thickness 
of tllc coatlngs was varied from one pass (--2 sec spray) to several passes (-IU 
sec sprayj The cuatcd substrates were air drled rur one hour followcd by r)vm 
drying fur approximately I 2  hours at 60 "C. 

Results and Discussion 
Fluoroalkyl-Modified Silica. The degree of  tluoroalkyl subhtltutlon of 

t h e  ~ilanol  groups on the surface of sil~ca was determined using 1R. TGA-hlS, 
;ind ekmental analysis data. TGA-MS data exhibits thennal dcgr.~d;ltlun at 
clcvaled tempcraturcs, bhich suggesu covalent attachn~ent 01 Ihe 
fluoroaIbyls11anc.s tu the silica surfacr Fluorinated ion fragments, 
currespcndmg utlh the weight loss at cicvaled temperatures (400-650 "C), 
were observed In mass spectrd data for all lnodificd s ~ l l n  products. TGA data 
was also uscd tu quanl~fy caverast: by measuring the wc~ght  lo&$ from 400- 
650 'C. Elemental analysis w ~ s  used to measure the carboti content of  the 
rnodbfizd silica products, whlrh provides yet another ~ndlcatron of coupling 
agtrit surfhce coverage. Prelllnlnary TGA, elemental analysis, and surfacc 
coverage data are presented In Tablt 1. The rurface covcnge (\l,ta4) V,E. 

calculated from clemcntal analysis data [C w t % ~ ,  dssuming all carbon content 
resulted from the additlon of cuupling agent. 

Table 1 .  Modified Hi-S11233 TGA and Elemental Analyqis Data 
surface 

from 400- conlent covcrage 

Composite Coatings. Thu hydruphobicity and olcophoblclty of tllc 
con~positc films were investlp:i:cd by nleasunng thc statrr. advmcing, and 
receduig cornact angles o f  de~orllzcd water and hexadecanc Prtllrninary 
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contact angle studies d~splay superhydrophob~city wilh low hysteresis Tor all 
coatings conla~ning Iluoroalkyl-mcxlified silica Prel~minary static conlac1 
angle results are presented In Table 2. 

Table 2. Water Conlact Angles on 
Coaling C~niposition'  

I I Contact Angle I") I 
I Hlank 1 107 I 

Hi-Sil-233 
Viton Extrelnc ETP-600s containing d~ffeermt fillers spraycd on glass. 

-. .... 

10 wt% unmodified Hi-Sil 233 
5 wt'% fluorodecyl POSS 
26 w M  CF3{CH~j~SiCIi rnod~fied Hi-Sil 233 
20 wdi. I'Fl(CHz)~SiCI~ modified H i - S I ~  233 

The cuatlng containing unmodified Hi-Sil 1 3 3  initially displayed 
hydrophob~city (Figure Za!. followed by wcklng to finally produce a 
completely wetted surface This observation is illustrated In Figure 2. It is 
w o r ~ h  notlng that, although the volumc of  the droplet docs decruse due to 
cvaparalion, wetting was observed on Ihe cootlng cuntaining unmod~tied silica 
- a "coffee stam appearance." This behavior was not observed for coatings 
containing sllrcr pan~cles modified wlth fluaroalkyl chlurusitanes. This 
suggests that t l~c unurated silica particles produced 3 ~ n u l t i - ~ a l e d  rough 
surface necessary for wetung-re&~ar;lnce, but the hyrlruph~llc silanol groupr on 
the surface are causlng thc rvoler tu wet the coalin$ The hydrophobic 
mditied-s~llu.? p r d u c e s  mull\-scalcd rough surfaces wrth low surface 
energies. mh~ch rematn suprrhydrophobic alter contact with wser for an 
extcnded penod of  tlme A water droplel in conract with such s coaling for 
several  minute^ is shown III Figure 3 

. . 
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Figure 2. Contact angle lmagcs or a 10 pL water droplel on 10 ~ 1 %  

unmodified s1i:co cuatIng on glass (a) ~nii,;llly, (b) after 2 mi;. ( c )  afler 5 min, 
and (d) after 7 lnlll 

Figure 3.  Water cnntact angle (10 pL: snd AFM image ( h  2 x 3.4 ptn) oi' 
cumposite codling containing 20 \\I% CF,[CF,h(CFI1'i2S~CI3 sprayed onto a 
glass slide. 

Slon hexadtcane-wetting was observcd !n coatings containins inodi6cd 
silica. Wtttlng-resistance was Improved with incrtds~ng modifier chain length, 
r e. -(CH~)T(CFI),CF,>-(I H!)I(CF~)JCF~>-(CII>~CF, This i s  presumably due 
lo th; h~gher  F/H ralio OII the surface of the s~lica particles 

Conclusinn~ 
A method has becn developed for the surface rnodiiication of nmosilica 

using fluormlky l srlancs. The modified s t l~ca products have been suspended 
into solutiona of crosslinkable fluompolymer and deposi~cd onto i-arious 
substrates by spray alomlzatlcln to producc nun-wetting surfaces. The 
inlroduct~on of fluorodecyl POSS into the fluoropolymer solutions and s~l ica  
suspensions was investigaled 
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